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Lysine methylation of histones is associated with both transcriptionally active chromatin and with
silent chromatin, depending on what residue is modiﬁed. Histone methyltransferases and demethy-
lases ensure that histone methylations are dynamic and can vary depending on cell cycle- or
developmental stage. KDM4A demethylates H3K36me3, a modiﬁcation enriched in the 30 end of active
genes. The genomic targets and the role of KDM4 proteins in development remain largely unknown. We
therefore generated KDM4A mutant Drosophila, and identiﬁed 99 mis-regulated genes in ﬁrst instar
larvae. Around half of these genes were down-regulated and the other half up-regulated in dKDM4A
mutants. Although heterochromatin protein 1a (HP1a) can stimulate dKDM4A demethylase activity
in vitro, we ﬁnd that they antagonize each other in control of dKDM4A-regulated genes. Appropriate
expression levels for some dKDM4A-regulated genes rely on the demethylase activity of dKDM4A,
whereas others do not. Surprisingly, although highly expressed, many demethylase-dependent and
independent genes are devoid of H3K36me3 in wild-type as well as in dKDM4A mutant larvae,
suggesting that some of the most strongly affected genes in dKDM4A mutant animals are not regulated
by H3K36 methylation. By contrast, dKDM4A over-expression results in a global decrease in H3K36me3
levels and male lethality, which might be caused by impaired dosage compensation. Our results show
that a modest increase in global H3K36me3 levels is compatible with viability, fertility, and the
expression of most genes, whereas decreased H3K36me3 levels are detrimental in males.
& 2012 Elsevier Inc. All rights reserved.Introduction
In eukaryotes, DNA is packed into chromatin that consists mainly
of nucleosomes (reviewed in Kornberg and Lorch, 1999). Each
nucleosome contains 146 base pairs of DNA wrapped around a
histone octamer made from histones H2A, H2B, H3, and H4. The
histone proteins are highly modiﬁed by numerous post-translational
modiﬁcations, including methylation, acetylation, phosphorylation,
and ubiquitylation (reviewed in Kouzarides, 2007). Histone methy-
lation occurs on both arginine and lysine residues, where lysines can
be mono- (me1), di- (me2), or tri-methylated (me3), whereas
arginines can be monomethylated and symmetrically or asymme-
trically dimethylated. Depending on which residue is methylated,
the consequence for gene expression and genome stability can vary.
Trimethylation of histone 3 lysine 4 (H3K4), H3K36, and H3K79 is
found in transcriptionally active euchromatic regions, whereas
H3K9me2/me3 and H3K27me3 are associated with silent chromatin
(reviewed in Li et al., 2007). Histone methyltransferases and
demethylases ensure that histone methylations are dynamic and
can vary depending on cell cycle- or developmental stage. H3K36ll rights reserved.
nervik).methylation is performed by SET-domain containing 2 (Set2) in
yeast, but in metazoans members of the nuclear receptor SET-
domain containing (NSD) family performmono- and di-methylation,
whereas SET2 homologs tri-methylate H3K36 (reviewed in Wagner
and Carpenter, 2012). H3K36me3 accumulates at the 30 end of active
genes, and has been implicated in the control of transcription
elongation. Set2 binds to the C-terminal domain (CTD) of RNA
polymerase II and deposits H3K36me3 during elongation (reviewed
in Hampsey and Reinberg, 2003). One function of H3K36me3 is to
prevent aberrant transcriptional initiation within coding sequences
by recruiting the histone deacetylase complex Rpd3S (reviewed in
Lee and Shilatifard, 2007). H3K36me3 has also been linked to
splicing. H3K36me3 is enriched at exons compared to introns, and
the chromodomain containing protein MORF-related gene 15
(MRG15) binds H3K36me3 and recruits the splicing regulator
polypyrimidine tract binding protein (PTB) to affect alternative
splicing (Luco et al., 2010). Splicing can also inﬂuence H3K36me3
distribution by mechanisms that are not understood (de Almeida
et al., 2011; Kim et al., 2011). In Drosophila melanogaster,
H3K36me3 is involved in dosage compensation. The Male-speciﬁc
lethal (MSL) complex up-regulates expression of X-linked genes to
reach 2-fold in males, to compensate for the presence of only one
X-chromosome (reviewed in Conrad and Akhtar, 2011; Stenberg
and Larsson, 2011). The MSL-3 subunit contains a chromodomain
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complex along the X-chromosome, ensuring that most X-linked
genes become dosage compensated (Bell et al., 2008; Larschan
et al., 2007).
Demethylation of H3K36 is performed by members of the
Jumonji-C (JmjC) domain families KDM2 and KDM4 (reviewed in
Pedersen and Helin, 2010). KDM2 was the ﬁrst JmjC protein
shown to be a demethylase, and demethylates H3K36me2/me1
(Tsukada et al., 2006). KDM4 proteins were the ﬁrst reported
enzymes to demethylate trimethylated lysines, and target
H3K36me3/me2 or H3K9me3/me2 (reviewed in Pedersen and
Helin, 2010). In mammals, the KDM4 family contains four active
members, KDM4A-KDM4D, whereas KDM4E and F are most likely
pseudogenes (Katoh, 2004). KDM4C, also known as JMJD2C or
GASC1, is ampliﬁed in oesophageal squamous carcinomas, medul-
loblastomas, and breast cancers, and regulates proliferation of
several tumor cell lines (reviewed in Pedersen and Helin, 2010).
However, the genomic targets and the role of KDM4 proteins in
development remain largely unknown.
In Drosophila, the KDM4 family comprises two related pro-
teins, dKDM4A and dKDM4B. Drosophila KDM4B demethylates
both H3K9 and H3K36 in vitro (Lin et al., 2008), and is upregulated
by p53 in response to UV irradiation, which causes a reduction in
H3K9me3 levels (Palomera-Sanchez et al., 2010). By contrast,
dKDM4A demethylation is speciﬁc to H3K36me3/me2 in vitro (Lin
et al., 2008). Similarly, over-expression of dKDM4A in Drosophila S2
cells or in ﬂies results in decreased H3K36me3 levels, whereas over-
expression of dKDM4B causes reduced H3K9me3 and H3K36me3
levels. Together, these results demonstrate that whereas dKDM4B
targets both H3K9me3 and H3K36me3, dKDM4A is a H3K36-
speciﬁc demethylase.
Interestingly, dKDM4A over-expression causes a redistribution
of heterochromatin protein 1a (HP1a) from pericentromeric
heterochromatin into euchromatin (Lloret-Llinares et al., 2008).
Afﬁnity puriﬁcation of dKDM4A from Drosophila S2 cells identiﬁed
HP1a as an interacting protein that can stimulate the H3K36me3
demethylase activity of dKDM4A (Lin et al., 2008). By contrast, in
C. elegans HP1gamma antagonizes KDM4-dependent cell cycle and
DNA replication phenotypes (Black et al., 2010). A P-element
transposon insertion into the Drosophila KDM4A gene dramatically
reduces dKDM4AmRNA levels, but is homozygous viable. These ﬂies
are reported to have a shorter life span in males but not in females,
and to down-regulate expression of the Hsp22 and fruitless genes
(Lorbeck et al., 2010).
Here, we further characterize dKDM4Amutants and identify all
genes whose expression change in dKDM4A mutant larvae. We
ﬁnd that expression of some genes depend on the catalytic
activity of dKDM4A, whereas others do not. Unexpectedly, many
dKDM4A-regulated genes lack H3K36me3. We also demonstrate
that HP1a and dKDM4A antagonize each other at dKDM4A-
regulated genes. Together, our results show that many of the
dKDM4A-regulated genes are not directly controlled by H3K36
methylation. By contrast, over-expression of dKDM4A results in a
global decrease in H3K36me3 and in male lethality. This indicates
that association of the MSL complex with the X-chromosome is
impaired in males with reduced H3K36me3 levels, causing a
failure in dosage compensation.Materials & methods
Fly stocks
The dKDM4A P-element allele dKDM4AP{SUPor-P}KG04636 was
obtained from the Bloomington stock center. dKDM4AP{GawB}NP0618
and the HP1a alleles Su(var)2–504 and Su(var)2–505 were obtainedfrom the Drosophila Genetic Resource Center (DGRC) in Kyoto,
Japan. The HP1a alleles do not produce a functional protein
(Fanti et al., 1998). They are balanced over a CyO, actGFP
marked balancer, enabling collection of heteroallelic progeny
when crossed together. The dKDM4AKG04636 Su(var)2–504 and
dKDM4AKG04636 Su(var)2–505 chromosomes were generated by
meiotic recombination and were veriﬁed by PCR on genomic
DNA with HP1 primers ver-HP1 and KG04636 primers ver-KG
(Table S1).
Excision of P-element alleles
The P-element in dKDM4ANP0618 was mobilized using a trans-
posase source, and the progeny were scored for loss of the white
marker gene. w; dKDM4AP{GawB}NP0618[wþ ]; Vno/ TM3, Sb males
were crossed to y, Df(1)w67c23; Sp/CyO; mus309D2/TM3, Sb females.
The yw; dKDM4AP{GawB}NP0618[wþ ]/CyO; mus309D2/TM3, Sb progeny
were crossed to yw; Sp/CyO; mus309D3 D2-3/TM3, Sb to generate
the F0 jumpstarter ﬂies yw; dKDM4AP{GawB}NP0618[wþ ]/CyO;
mus309D2/mus309D3D2-3. Individual males were crossed to the
balancer strain w; Sco/CyO; Vno/TM3, Sb and white eyed single
male progeny to Df(2R)NCX8 bwD/CyO females to balance the
excision chromosome over CyO. Only viable strains were obtained
and stocks were established from siblings carrying the excision
chromosome over CyO. Single-ﬂy PCR (Gloor and Engels, 1992)
was used on the genomic DNA from white eyed single male
progeny after successful mating to Df(2R)NCX8 bwD/CyO females,
using ver-NP primers (Table S1). Sequencing followed to conﬁrm
precise and imprecise excisions. The DdKDM4A deletion spans 47
nucleotides downstream of the ATG of dKDM4A to 12 nucleotides
downstream of the ATG of the 30 ﬂanking gene Or43b. The
deletion takes out most of the coding region and leaves 600 bp
of the hsp70 part of the P{GawB}NP0618 transposon at the
insertion site. An eye phenotype caused by a background muta-
tion is present in DdKDM4A and precise excision dKDM4AexNP
strains, why a second dKDM4A allele, dKDM4AKG04636 was further
used in trans. To generate revertants for the dKDM4AKG04636 allele,
w; Sp/CyO; D23, Sb/TM6 was used and progeny crossed to w;
Gla/CyO. For the crosses to generate trans-combinations of alleles,
virgins from the dKDM4AKG04636 or dKDM4AexKG alleles were
always used to avoid any maternal contribution from the sec-
ondary site mutation in the DdKDM4A and dKDM4AexNP strains.
Generation of transgenes
The dKDM4A open reading frame (ORF) was PCR ampliﬁed
from the EST clone LD33386 with Phusion polymerase
(Finnzymes) using TOPO primers (Table S1). The PCR product
was cloned into the pENTR/D-TOPO vector (Invitrogen). Using the
Gateway system (Invitrogen), the ORF was recombined into
derivatives of the pUASp and pUASt vectors, pPWM and pTWF,
with C-terminal 6XMyc and 3XFLAG epitopes, respectively. The
constructs were sequenced to ensure that no mutations were
introduced during PCR and injected into w1118 ﬂies following
standard procedures (Rubin and Spradling, 1982). Insertions on
the 2nd chromosome were used to establish homozygous w;
UASt-dKDM4A-FLAG and w; UASp-dKDM4A-MYC stocks which
were crossed to actGAL4/CyO, actGFP for the overexpression
analysis. The genomic locus of dKDM4A, including upstream and
downstream sequences, was PCR ampliﬁed from genomic DNA
using rescue primers (Table S1) with BamHI sites and cloned into
pCaSper-4 (Thummel and Pirrotta, 1992). The H195A genomic
rescue construct was created by subcloning the genomic DNA
using BamHI into pBluescript (Stratagene) followed by site
directed mutagenesis using the Quick-change kit (Stratagene)
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polymerase (Stratagene). The H195A genomic construct was
thereafter cloned into pCaSper-4 using BamHI sites. Both the wild
type and H195A genomic rescue constructs were injected into
w1118 ﬂies following standard procedures (Rubin and Spradling,
1982). Insertions on the third chromosome were used to establish
CaSper-dKDM4A H195A/TM3, Sb and homozygous CaSper-dKDM4A
stocks.
dKDM4AKG04636; CaSper-dKDM4A or CaSper-dKDM4A-H195A/
TM3, Sb and DdKDM4A; CaSper-dKDM4A or CaSper-dKDM4A-
H195A/TM3, Sb stocks were balanced with w; Sco/CyO, Dfd-YFP;
Dr/TM6B, Sb, Dfd-YFP and later crossed with each other to enable
generation of P/DdKDM4; CaSper-dKDM4A and P/DdKDM4; CaSper-
dKDM4A-H195A mutant ﬁrst instar larvae for rescue experiments.
Western blot
Two hundred ﬁrst instar larvae were collected and grinded
with a dounce homogenizer in Buffer A1 (60 mM KCL, 15 mM
NaCl, 15 mM Hepes pH 7.9, 4 mM MgCl2, 0.5 M DTT, 0.5% Triton
X100, supplemented with Proteinase inhibitor tablets, Roche).
The sample was spun down at 5000 rpm for 5 min and the pellet
washed in A1 buffer 2 times. The pellet was then dissolved in
100 ml 0.2 M HCl and incubated at room-temperature for 30 min.
Twenty ml 2 M Tris pH 8.5 was added to neutralize the pH and
25 ml 5X Laemmli loading buffer was added to the tube. Samples
were heated to 95 1C for 3 min and run on 10% polyacrylamide
gels with Tris/tricine buffers (Scha¨gger, 2006).
For the anti-FLAG Western blot one hundred ﬁrst instar larvae
were collected and grinded with a dounce homogenizer directly
in 40 ml 5X Laemmli loading buffer. Samples were heated to 95 1C
for 3 min and run on a 10% polyacrylamide gel with standard
running buffer.
Proteins were transferred at 80–100 V for 1.5 h to a PVDF
membrane and blocked in 2% milk powder in PBS. A rabbit anti-
H3K36me3 antibody (ab9050, Abcam) was used at a 1:500
dilution, and rabbit anti-H4 (ab10158, Abcam) at 1:5000. Mouse
anti-FLAG antibody (F3165, Sigma) was used at a 1:500 dilution,
and a rabbit anti-alpha Tubulin (ab18251) at 1:1000 diluted in
PBS with 2% BSA and 0.1% sodium azide. The membrane was
incubated with primary antibody for 1 h at room temperature or
overnight in a cold room. Goat anti-rabbit or rabbit anti-mouse
secondary antibody from Dako was used at 1:10 000 dilution in
2% milk/PBS and incubated with membrane for 1 h at room
temperature. Membranes were washed in PBS. Enhanced chemi-
luminescence (ECL) was used for signal detection (GE healthcare),
and the membrane exposed to a Luminescent Image Analyzer
(LAS-100plus, Fujiﬁlm). We used MultiGauge (Fujiﬁlm) for quan-
tiﬁcation of intensities.
Chromatin immunoprecipitation
First instar larvae were crushed using a dounce homogenizer
and cross-linked in 1.8% formaldehyde in Buffer A1 (60 mM KCl,
14 mM NaCl, 15 mM Hepes pH 7.9, 4 mM MgCl2, 0.5 M DTT, 0.5%
Triton X-100, supplemented with proteinase inhibitor tablets,
Roche) for 15 min at room temperature. The cross-linking reac-
tion was stopped with 225 mM glycine and nuclei washed 3 times
in Buffer A1 (see above) and once in Lysis buffer (140 mM NaCl,
15 mM Hepes pH7.9, 1 mM EDTA, 0.5 M EGTA, 0.1% sodium
deoxycholate, 1% Triton X100, 0.5 M DTT, supplemented with
proteinase inhibitor tablets, Roche). Nuclei were resuspended in
Lysis buffer with 0.1% SDS and 0.5% N-laurosarcosine and soni-
cated using a Bioruptor (Diagenode). Chromatin extracts were
centrifuged to remove debris and diluted in an equal amount of
lysis buffer, followed by snap freezing in liquid nitrogen andstored at 80 1C. A mix of Protein A and G Dynabeads (Invitro-
gen) blocked with 1 mg/ml BSA (Sigma Aldrich) were mixed with
either IgG (ab6722, Abcam), H3 (ab1791, Abcam), H3K36me3
(ab9050, Abcam), or H3K9me3 (ab8898, Abcam) antibodies.
A bead-antibody complex was formed at 4 1C for at least 4 h.
Beads with bound antibody were captured on magnet, and beads
were resuspended in chromatin extract corresponding to 40 ml of
ﬁrst instar larvae followed by incubation at 4 1C over night.
Washing of beads followed, 5 min each, with sonication buffer,
Wash A (as sonication buffer, but with 500 mM NaCl), Wash B
(20 mM Tris pH8, 1 mM EDTA, 250 mM LiCl, 0.5% NP-40, 0.5%
sodium deoxycholate) and TE. Beads were transferred to new
tubes and resuspended in Elution buffer (50 mM Tris pH 8, 50 mM
NaCl, 2 mM EDTA, 0.75% SDS, 20 mg/ml RNase A). Cross-linking
was reversed at 68 1C for at least 4 h and Proteinase K treated
followed by DNA puriﬁcation with phenol–chloroform extraction
and ethanol precipitation. The DNA was resuspended in 100 ml
0.1TE. The ChIP material was analyzed by qPCR (iQ SYBR green
supermix) using a CFX96 system (BioRad Instruments, Sweden).
Microarray analysis
Flies were cultivated and crossed in vials with potato–
yeast–agar medium at 25 1C. Egg laying was performed at 25 1C
on apple-agarose plates with partial addition of yeast. First instar
larvae were collected approximately 48 after egg laying and were
immediately frozen at 80 1C prior to RNA extraction. Total RNA
was isolated using TRIzol (Invitrogen) followed by puriﬁcation
using an RNeasy kit (Qiagen) according to manufacturers proto-
cols. Two hundred ﬁrst instar larvae were used for each of three
biological replicates of P/DdKDM4A mutants and dKDM4AexKG/exNP
controls. cDNA probes were then hybridized to an Affymetrix
Drosophila gene chip (version 2). Intensity values were normal-
ized and summarized with the robust multi-array analysis (RMA)
method (Irizarry et al., 2003) using R (www.R-project.org) and the
Bioconductor package (Gentleman et al., 2004). The RMA normal-
ization technique considers only perfect match probes when
calculating signal values. RMA normalized median expression
levels below 6 (log2 based) were considered too low to be reliably
compared between genotypes and therefore given the value 6.
Statistical analysis and overlap with histone modiﬁcations
From the RMA normalized expression data, 422 probes passed
a 41.5 fold median difference in expression levels between the
conditions investigated. They were further subjected to a two
tailed unpaired Student’s t-test with a 95% conﬁdence level,
followed by Bonferroni’s correction for multiple tests, resulting
in a P-value cut-off at 0.000118. After removal of probe-sets
targeting duplicates and pseudogenes, 99 genes remained. Stu-
dent’s t-tests were also performed on the qRT-PCR and Western
blot data, using Microsoft Excel.
Regions deﬁned by modENCODE to contain a histone modiﬁ-
cation were compared to the coordinates of the dKDM4A-
regulated genes, and overlaps of at least one nucleotide were
scored.
Quantitative RT-PCR
Total RNA was extracted from ﬁrst instar larvae and adult ﬂies
using Trizol (Invitrogen) according the manufacturer’s protocol. For
one biological replicate one hundred ﬁrst instar larvae or ten adult
ﬂies were collected. A total of 1 ug from each RNA sample was
subjected to DNase digestion (Sigma) and cDNA synthesis (High
capacity, Applied Biosystems) according to the manufacturer’s
protocol. Samples were conﬁrmed for quantity and quality using
F. Crona et al. / Developmental Biology 373 (2013) 453–463456agarose gel electorphoresis and Nanodrop. Out of 400 ml (20x
diluted) total cDNA, 6 ml was subsequently used for qRT-PCR in a
total volume of 25 ml using CFX96 (BioRad instruments, Sweden)
with iQ SYBR green supermix (BioRad). Resulting Ct-values were
converted into raw quantities, using the DCtmethod as described in
the Genorm manual (Vandesompele et al., 2002). Raw gene quan-
tities were used to calculate the geometric mean of three reference
genes GAPDH, beta-tubulin and RpL32, which were used as normal-
ization factors for each cDNA sample. The stability measure M
(Vandesompele et al., 2002) for the mean of the reference genes was
below 1.5 for all the conditions tested. Normalized expression levels
were calculated by dividing the raw quantities of the genes of
interest for each sample by the corresponding normalization factors.
Expression of dKDM4A in adults was measured with the Taqman
assay, where a master mix (Applied Biosystems) and probes
Dm02361088_s1 (RpL40) and Dm01816067_g1 (dKDM4A) were
used according to the manufacturer’s protocol.Immunostainings of polytene chromosomes
Polytene chromosomes from the salivary glands of third instar
larvae of wild-type and UAS-dKDM4A-Myc; actGAL4 were prepared
and stained as previously described (Johansson et al., 2011).
We used primary antibodies against Myc (9E10, 1:300 dilution,
Covance) and H3K36me3 (ab9050, 1:200, Abcam). Goat anti-rabbit
and goat anti-mouse conjugated with AlexaFluor555 or*
Fig. 1. Characterization of dKDM4A alleles. (A) The dKDM4A genomic locus. The dKDM4A
denoted by triangles and a deletion generated by imprecise excision of one of the P-elem
and the other carrying a substitution of Histidine 195 to Alanine at the Fe-binding
(B) Quantitative RT-PCR of dKDM4A expression levels in adult ﬂies of different genoty
denote S.E.M. n¼3. (C) Quantitative RT-PCR of dKDM4A expression levels in ﬁrst instar
(dKDM4AexKG/exNP) value was set to 1. Relative expression values were normalized to a m
acid-extracted histones from ﬁrst instar larvae showing H3K36me3 and total histone
H3K36me3 versus total H4 levels is shown below the blots. Three independent biologica
unpaired Student’s t-test.AlexaFluor488 (1:300, Molecular Probes) were used as secondary
antibodies and the squashes were counterstained with DAPI (1 mg/
ml). Preparations were analyzed using a Zeiss Axiophot microscope
equipped with a KAPPA DX20C charge coupled device camera.
Images were assembled and merged electronically using Adobe
Photoshop. For quantitative comparisons of stains preparations and
stainings were run in parallel. Nuclei with clear cytology were
chosen on the basis of DAPI staining and photographed. All settings
were identical for each speciﬁc antibody. At least 20 nuclei for each
genotype were used in these comparisons, and at least four slides of
each genotype were analyzed.
Accession number
The microarray data complies with MIAME guidelines and is
deposited in GEO under accession number GSE36903.
Results
Regulation of H3K36me3 levels by dKDM4A
To characterize the function of the JmjC protein dKDM4A,
we generated a mutant allele of dKDM4A with a deletion spanning
from 47 nucleotides downstream of the ATG to the end of the gene
bymeans of imprecise excision of the P-element P{GawB}NP0618, called
DdKDM4A (Fig. 1A). The mutant is homozygous viable, produces
fertile offspring and does not show any obvious developmental delay.
Transcript levels in DdKDM4A are severely reduced (Fig. 1B), and
therefore we consider the allele a null. We also generated a precise*
*
*
6
6
locus contains four exons (open boxes). The location of P-element transposons are
ents is shown. Below are two genomic rescue constructs displayed, one wild-type
site indicated by a star. (B), (C) Expression of dKDM4A in the different alleles.
pes with Taqman probes, plotted relative to the reference gene RpL40. Error bars
larvae. Columns show average values with S.E.M. (n¼4) and the wild-type control
ean of three reference genes (beta-tubulin, GAPDH and RpL32). (D) Western blot of
4 levels in the different genotypes. Quantiﬁcation of the relative intensities of
l replicates were quantiﬁed and the S.E.M. is shown. nindicates Po0.05, two-tailed
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restored to wild-type. We detected an eye phenotype in DdKDM4A,
which was also present in dKDM4AexNP strains, and therefore caused
by a second-site mutation on the P{GawB}NP0618 chromosome. For this
reason, a second dKDM4A P-element allelele, dKDM4AKG04636 was
further used in trans (P/DdKDM4A). PKG04636 is inserted 8 nucleotides
downstream of the ATG, and severely reduces dKDM4A transcript
levels (Fig. 1A and B). We generated precise excisions of PKG04636,
dKDM4AexKG, and used the NP0618 and KG04636 precise alleles of
dKDM4A in trans as a wild-type control (dKDM4AexKG/exNP).
In addition, we generated transgenes containing the dKDM4A
genomic locus (Fig. 1A), and crossed them into the P/DdKDM4A
mutant background to rescue the phenotypes observed by lack of
dKDM4A. In these experiments, we compared wild-type dKDM4A
with a point mutation in the iron-binding site (H195A),
previously shown to inactivate the catalytic activity of dKDM4A
(Lin et al., 2008; Lloret-Llinares et al., 2008). Although dKDM4A is
expressed from endogenous regulatory sequences in these trans-
genes, we detected elevated dKDM4A mRNA expression levels in
rescued ﬂies compared to wild-type (Fig. 1C). This may result
from position effects, where the transgenes are located in a more
favorable chromatin environment than the endogenous locus.
To investigate the in vivo potential of dKDM4A as a histone
lysine demethylase targeting H3K36me3, we performed Western
blots on acid-extracted histones from ﬁrst instar larvae.
H3K36me3 levels are increased in the P/DdKDM4A mutant allele
compared to dKDM4AexKG/exNP (Fig. 1D). This suggests that
dKDM4A is responsible for H3K36me3 de-methylation in vivo.
H3K36me3 levels are restored in P/DdKDM4A larvae rescued with
a wild-type transgene (Fig. 1D). By contrast, although the trans-
gene containing the H195A mutation is expressed to a similar
extent (Fig. 1C), H3K36me3 levels remain elevated, as expected
from a catalytically inactive protein (Fig. 1D). In addition, we
over-expressed the dKDM4A cDNA using the Gal4-UAS system
(Brand and Perrimon, 1993). dKDM4A with a C-terminal FLAG-tag
was ubiquitously expressed with the actGal4 driver. This results
in decreased global levels of H3K36me3 (Fig. 1D). Similarly,
immunostainings of polytene chromosomes from third instar
larvae over-expressing MYC-tagged dKDM4A reveal a reduction
in global intensity of H3K36me3, as well as a global association of
over-expressed dKDM4A with chromatin (Supplemental Fig. S1).
Identiﬁcation of dKDM4A-regulated genes
To investigate the link between dKDM4A and transcription,
and to unravel molecular targets on a genome-wide scale, we
isolated RNA from ﬁrst instar larvae of the P/DdKDM4A mutant0
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Fig. 2. Identiﬁcation of dKDM4A-regulated genes. Quantitative RT-PCR veriﬁcation of
dKDM4Amutant (P/DdKDM4A) and wild-type control (dKDM4AexKG/exNP) ﬁrst instar larva
wild-type values were set to 1. Relative expression values were normalized to a me
two-tailed unpaired Student’s t-test.and dKDM4AexKG/exNP wild-type alleles. The RNA was converted to
cDNA and hybridized to an Affymetrix expression array. Although
H3K36me3 is a mark distributed globally, abolishing the function
of the H3K36me3 demethylase results in a very subtle effect on
transcription, with only 99 genes showing a signiﬁcant differen-
tial change in gene expression (fold change cutoff 41.5, Po0.05,
Table S2). Fifty-two genes were up-regulated, and 47 genes were
down-regulated more than 1.5 fold. Gene ontology analysis
reveals no particular enrichment in any class of either up- nor
down-regulated dKDM4A targets. However, we note that some of
the affected genes are located close to one another on the
chromosomes. Most strikingly, ﬁve out of the twelve most
down-regulated genes are clustered in a 67 kb region on the
X-chromosome.
To validate the results from the microarray, quantitative RT-
PCR was performed on a subset of genes showing a statistically
signiﬁcant change in gene expression in the expression array.
CG14417, CG14418, CG14419, and CG3588, located in the cluster of
genes on the X-chromosome, are among the most strongly
affected genes and were veriﬁed as down-regulated in the
P/DdKDM4A mutant compared to dKDM4AexKG/exNP, although
down-regulation of CG14419 is not statistically signiﬁcant
(Fig. 2A). These genes have no known function, but are strongly
expressed in late embryos and ﬁrst and second instar larvae.
Among up-regulated genes, expression level changes for Muscle
LIM protein at 60A (Mlp60A), protein phosphatase 4 regulatory
subunit 2-related protein (PPP4R2r), Rootletin, Phosphopantothe-
noylcysteine synthetase (Ppcs), the cytochrome P450 gene Cyp12a5,
CG9509, CG14141, and CG18547 could be veriﬁed with qRT-PCR
(Fig. 2B). These genes were chosen either because they were
among the most affected, or because they have a putative
function. As a further control, we examined expression of three
genes that were not among the dKDM4A-regulated in the micro-
array experiment. As shown in Fig. S2, there was no signiﬁcant
difference in expression of these genes between the P/DdKDM4A
mutant and the dKDM4AexKG/exNP control. Based on these results,
we believe that a majority of the 99 identiﬁed genes depend on
dKDM4A for their normal expression level.
Opposite effects of dKDM4A over-expression on
dKDM4A-regulated genes
To further show that dKDM4A regulates these genes, expres-
sion levels in larvae over-expressing epitope-tagged dKDM4 were
investigated with qRT-PCR. The actGal4 driver was crossed to
UAS-dKDM4A-FLAG ﬂies, causing ubiquitous over-expression of
dKDM4A (Fig. 3A). Compared to actGal4/þ larvae, over-expressiona subset of genes showing differential regulation (41.5 fold, Po0.05) between
e in an expression microarray. Columns show average values with S.E.M. (n¼4) and
an of three reference genes (beta-tubulin, GAPDH and RpL32). nindicates Po0.05,
Fig. 3. Opposite effects on dKDM4A-regulated genes by over-expressed dKDM4A. ActGal4 was used to drive ubiquitous dKDM4A expression from the UAS-dKDM4A-FLAG
transgene and compared to actGal4/þ larvae. (A) Western blot showing FLAG-tagged dKDM4A expression in ﬁrst instar larvae over-expressing dKDM4A. Alpha-tubulin
was used as a loading control. (B) and (C) Quantitative RT-PCR of dKDM4A-target gene expression in ﬁrst instar larvae over-expressing FLAG-tagged dKDM4A. Columns
show average values with S.E.M. (n¼3–5) and expression in actGal4/þ larvae was set to 1. Relative expression values were normalized to a mean of three reference genes
as described in Fig. 2. n indicates Po0.05, two-tailed unpaired Student’s t-test.
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Fig. 4. Demethylase-dependent and independent gene expression. A and B) Transgenic rescue of dKDM4A-targets in ﬁrst instar larvae with either wild-type or catalytically
inactive (H195A) dKDM4A. Transgenes containing the dKDM4A genomic locus (CaSper-dKDM4A and CaSper-dKDMA4A-H195A) were crossed into the P/DdKDM4A mutant
background and gene expression measured by qRT-PCR as in Fig. 2. n indicates Po0.05, two-tailed unpaired Student’s t-test.
F. Crona et al. / Developmental Biology 373 (2013) 453–463458of dKDM4A generally resulted in up-regulation of genes that were
down-regulated in the P/DdKDM4A mutant (Fig. 3B), and in down-
regulation of genes that were up-regulated in the mutant (Fig. 3C),
although CG14141 and CG18547were not affected by dKDM4A over-
expression. Taken together with results from dKDM4A mutant
animals, this provides clear evidence that dKDM4A levels inﬂuence
expression of these genes.
Regulation of gene expression independent
of H3K36me3 demethylation
In order to examine whether the catalytic function of dKDM4A
is required for gene regulation, transgenic lines containing either
wild-type or catalytically inactive (H195A) dKDM4A genomic
locus were crossed into the P/DdKDM4A mutant background.
As shown in Fig. 4A, expression in the cluster of genes on theX-chromosome is restored by both wild-type and catalytically
inactive dKDM4A (although rescue of CG3588 expression by the
H195A transgene is not statistically signiﬁcant). Thus, dKDM4A is
required for proper expression of these genes independently of its
histone demethylase activity. By contrast, expression levels for
several of the up-regulated genes were restored only by cataly-
tically intact dKDM4A and not to the same extent by the H195A
mutant, suggesting that the demethylase function is required for
dKDM4A-regulation of these genes (Fig. 4B).
To investigate if the difference between the genes that depend
on dKDM4A demethylase function and the ones that do not is due
to differences in histone methylation, we assessed H3K36me3
levels at the dKDM4A-regulated genes by Chromatin immuno-
precipitation (ChIP). H3K36me3 and H3 ChIP were performed in
ﬁrst instar larvae followed by qPCR using primers located in the
30 end of genes, and the H3K36me3 levels normalized to total H3
Rp
l32
Fig. 5. H3K36me3 and H3K9me3 levels are low and not altered at dKDM4A-regulated genes. Chromatin immunoprecipitation-quantitative PCR of H3K36me3 and
H3K9me3 at dKDM4A-regulated genes. (A) and (B) H3K36me3 and immunoglobulin G (IgG) control ChIP signals at dKDM4A down- (A) and up-regulated (B) genes, as well
as at RpL32 in wild-type controls (exKG/exNP) and in P/DdKDM4A mutant ﬁrst instar larvae. Values were normalized against histone H3 occupancy. (C) and (D) H3K9me3
and IgG signals at dKDM4A-regulated genes, as well as at a heterochromatic chromosome 4 locus in control (exKG/exNP) and in P/DdKDM4A mutant ﬁrst instar larvae.
Values were normalized against histone H3 occupancy.
F. Crona et al. / Developmental Biology 373 (2013) 453–463 459occupancy (Fig. 5A and B). Interestingly, there is very little
H3K36me3 at all of the tested genes compared to the RpL32 gene
(Fig. 5A and B). The lack of H3K36me3 is not caused by low
expression of these genes, since many of them are highly
expressed (Table S2). Surprisingly, in P/DdKDM4A mutant ﬁrst
instar larvae, H3K36me3 levels remained low at both down- and
up-regulated genes (Fig. 5A and B). In order to extend these
observations to other dKDM4A-regulated genes, we examined the
genome-wide H3K36me3 ChIP data generated by modENCODE in
late embryos and third instar larvae (Roy et al., 2010). Remark-
ably, we found that 65 out of 99, and 63 of the 99 affected genes
in P/DdKDM4A mutants completely lack H3K36me3 at these
stages, and that 58 genes do not overlap H3K36me3 at either
stage (Table S2). This indicates that these genes may be consti-
tutively devoid of H3K36me3, and might not be controlled by
H3K36 methylation.
Although dKDM4A is an H3K36me3-speciﬁc demethylase
in vitro, other KDM4 family members can demethylate
H3K9me3 (reviewed in Pedersen and Helin, 2010). We therefore
examined the H3K9me3 levels at dKDM4A-regulated genes in
control and in P/DdKDM4A mutant ﬁrst instar larvae. As shown in
Fig. 5C and D, the dKDM4A-regulated genes are devoid of
H3K9me3, whereas a heterochromatic chromosome 4 locus con-
tains H3K9me3 (Fig. 5D). Furthermore, the dKDM4A-regulated
genes do not show a difference in H3K9me3 levels between
P/DdKDM4A mutant and dKDM4AexKG/exNP wild-type larvae
(Fig. 5C and D). Comparison with modENCODE data on
H3K9me3 levels in ﬁrst instar larvae shows that 88 out of the
99 dKDM4A-regulated genes completely lack this histone mod-
iﬁcation in wild-type (Table S2).
Our results suggest that many dKDM4A-regulated genes
lack H3K36me3, even-though a subset require dKDM4A catalytic
activity. This indicates that these genes are either indirectly
regulated by dKDM4A or that a substrate other than histone H3
is responsible for the gene expression changes. dKDM4A can also
affect gene expression independently of its demethylase function.We conclude that histone H3 demethylation is dispensable for
dKDM4A regulation of many genes.HP1a and dKDM4A antagonize each other at dKDM4A-targets
Since an interaction of HP1a with dKDM4A has been suggested
to stimulate the H3K36me3 demethylase activity of dKDM4A (Lin
et al., 2008), we investigated the expression levels of dKDM4A-
regulated genes in HP1a (Su(var)2–504/Su(var)2–505) mutant
larvae by qRT-PCR (Fig. 6). We generated an HP1a dKDM4A double
mutant, and measured expression levels for dKDM4A-regulated
genes in these animals as well. Expression of the four tested genes
that are down-regulated in P/DdKDM4A mutants was increased in
HP1a mutant larvae (Fig. 6A). Interestingly, in the HP1a dKDM4A
double mutant, expression was restored close to wild-type levels
(Fig. 6A). This suggests that rather than synergizing, HP1a and
dKDM4A antagonize each other at these genes. Most of the up-
regulated dKDM4A-target genes were also up-regulated in HP1a
mutants, but repressed or restored to wild-type levels in the HP1a
dKDM4A double mutant (Fig. 6B). Taken together, our results
suggest that HP1a does not stimulate dKDM4A’s ability to
regulate target gene expression.Over-expression of dKDM4A is detrimental in males
Since P/DdKDM4A mutants are viable, we examined survival of
ﬂies ubiquitously over-expressing dKDM4A, which results in
diminished global H3K36me3 levels (Fig. 1D). Over-expression
of dKDM4A caused reduced survival in males, but had a much
smaller inﬂuence on female viability (Table 1). This effect was not
seen in control ﬂies containing either the actGal4 driver or the
UAS-dKDM4A transgene alone (Table 1). One cause for reduced
male survival could be impaired dosage compensation, since
binding of the male-speciﬁc lethal (MSL) dosage compensation
Fig. 6. HP1a and dKDM4A antagonize each other at dKDM4A-regulated genes. (A) and (B) Expression levels of dKDM4A-regulated genes in HP1a mutant (Su(var)
2–504/Su(var)2–505) and HP1a dKDM4A double mutant ﬁrst instar larvae by qRT-PCR. Columns show average values with S.E.M. (n¼3–4) and wild-type (dKDM4AexKG/exNP)
values were set to 1. Relative expression values were normalized as in Fig. 2. n indicates Po0.05, two-tailed unpaired Student’s t-test.
Table 1
Over-expression of dKDM4A results in reduced male survival.
~ #
~ w1118 X # actGal4/CyOa
þ /CyO 2674% (n¼151) þ/CyO 2175% (n¼114)
þ /actGal4 3075% (n¼175) þ/actGal4 2474% (n¼132)
~ UAS-dKDM4A X # ActGal4/CyOb
UAS-dKDM4A/CyO 3675% (n¼238) UAS-dKDM4A/CyO 3273% (n¼217)
UAS-dKDM4A/actGal4 2572% (n¼168) UAS-dKDM4A/actGal4 674% (n¼48)
Number of eclosing ﬂies from a control cross with wild-type (w1118) females and actGal4/
CyOmales and from a cross with UAS-dKDM4A homozygous females and actGal4/CyOmales.
a (n¼572 from three independent experiments).
b (n¼671 from two independent experiments).
F. Crona et al. / Developmental Biology 373 (2013) 453–463460complex to the male X-chromosome partly relies on H3K36me3
(Bell et al., 2008; Larschan et al., 2007). We examined the
expression of a few dosage-compensated genes in males surviving
dKDM4A over-expression. One of these genes, domeless (dome),
showed signiﬁcantly lower expression in actGal4/UAS-dKDM4A
males compared to the actGal4/þ control (Fig. S3). Thus, expres-
sion of at least one dosage-compensated gene is sensitive to
dKDM4A over-expression. This indicates that although proper
H3K36me3 levels are not essential for development and survival
in females, it may inﬂuence the ability of males to dosage
compensate their single X-chromosome.Discussion
Methylation of H3K36 is primarily thought of as a histone
modiﬁcation that is linked to transcriptional activation. H3K36me3
is enriched at the 30 end of active genes, where it is deposited by the
Set2 methyltransferase travelling with RNA polymerase II (reviewed
in Wagner and Carpenter, 2012). However, recent results have
shown that not all active genes contain H3K36me3. In Drosophila
cells, YELLOW and RED are two types of transcriptionally active
chromatin that differ in H3K36me3 and MRG15 binding (Filion
et al., 2010). RED chromatin lacks H3K36me3 and is associated
with tissue-speciﬁc gene expression, whereas YELLOW chromatin isenriched in H3K36me3 and associated with broadly expressed
genes. We compared genome-wide H3K36me3 ChIP data from
embryos and third instar larvae generated by the modENCODE
project (Roy et al., 2010), with the dKDM4A-regulated genes in ﬁrst
instar larvae. Surprisingly, we found that most of the dKDM4A-
regulated genes completely lack H3K36me3 (Table S2). ChIP experi-
ments at dKDM4A-regulated genes conﬁrmed that H3K36me3
levels are very low in both wild-type and P/DdKDM4A mutant ﬁrst
instar larvae (Fig. 5A and B). The lack of H3K36me3 is not due to low
expression of the genes, since many dKDM4A-regulated genes are
highly expressed (Table S2). Instead, this suggests that many
dKDM4A-regulated genes are not controlled by H3K36me3 levels,
but by other dKDM4A-dependent functions.
Some of the dKDM4A-regulated genes are located close to one
another in the genome. Most strikingly, ﬁve down-regulated
genes are present in a 67 kb region on the X-chromosome. We
also ﬁnd three down-regulated genes in an 8 kb region on
chromosome 3 (Table S2). In seven cases two dKDM4A target
genes are close to one another. Perhaps these genes require a
common chromatin environment for their regulation. However,
since many of these loci lack H3K36me3, it is unlikely that
dKDM4A directly inﬂuences the chromatin structure at these
genes. Instead, they might be controlled by dKDM4A-dependent
demethylation of a non-histone protein, or by a common reg-
ulator whose expression in turn is inﬂuenced by dKDM4A.
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activity in gene regulation, we rescued P/DdKDM4A mutants with
wild-type or H195A catalytically inactive transgenes. Our results
show that the down-regulated genes examined and a few of the
up-regulated genes (such as Ppcs) do not require dKDM4A
demethylase activity for their expression (Fig. 4). By contrast,
some of the up-regulated genes depend on dKDM4A catalytic
activity for proper expression. However, none of the dKDM4-
regulated genes examined contain signiﬁcantly more H3K36me3
in P/DdKDM4A mutant larvae (Fig. 5A and B). This indicates that
both demethylase activity-dependent and independent genes are
regulated by dKDM4A by mechanisms that do not involve
H3K36me3 demethylation, or alternatively, that these genes are
indirect dKDM4A-targets. Although so far few proteins except
histones are known substrates for demethylases (reviewed in
Zhang et al., 2012), it is likely that many proteins are targets of
KDM enzymes, in the same way as lysine acetylases and deace-
tylases target various proteins (reviewed in Guan and Xiong,
2011). Using a peptide demethylation assay, non-histone sub-
strates have been identiﬁed in vitro for human KDM4A (Ponnaluri
et al., 2009).
Another possibility is that other lysine residues in the histones
are being targeted by dKDM4A. One candidate is H3K9me3, since
other KDM4 family members can demethylate this modiﬁcation
(reviewed in Pedersen and Helin, 2010). However, we did not
observe detectable amounts of H3K9me3 in either wild-type nor
in dKDM4A mutant larvae at dKDM4A-regulated genes. Thus,
changes in H3K9me3 cannot explain the gene expression pheno-
types in P/DdKDM4A mutants. Mammalian KDM4 family mem-
bers can also demethylate H1.4K26me3 (Trojer et al., 2009). Due
to lack of antibodies against this histone modiﬁcation, we have
not been able to investigate whether this form of the linker
histone is present at dKDM4A-regulated genes. In summary, we
cannot exclude that demethylation of histone H1 is important for
the gene expression changes in P/DdKDM4Amutants, but it seems
as if histone H3 demethylation by dKDM4A is not required for the
observed gene expression phenotypes.
We looked for regulators of gene expression among the
99 mis-regulated genes identiﬁed in the expression array, since
they might mediate some of the gene expression changes
observed in P/DdKDM4A mutants. Mlp60A is a LIM-domain
protein of the CRP class (reviewed in Weiskirchen and Gunther,
2003). It is a nuclear protein that may function as an adaptor
protein, and thereby inﬂuence gene expression. PPP4R2r is a
regulatory subunit of protein phosphatase 4 (PP4) (reviewed in
Cohen et al., 2005). The PP4 complex that includes this regulatory
subunit has been implicated in centrosome maturation, spliceo-
somal assembly, DNA repair, and in asymmetric localization of
the Miranda protein during Drosophila neuroblast division
(Chowdhury et al., 2008; Cohen et al., 2005; Lee et al., 2010;
Sousa-Nunes et al., 2009). It is possible that mis-regulated
expression of these or other gene products contribute to the
altered expression of other genes in P/DdKDM4A mutant larvae.
Yet another possibility is that dKDM4A is a direct regulator of
some genes, but that its catalytic function is not required. Protein-
protein interactions may mediate the gene regulatory properties
of dKDM4A on such genes. HP1a is one interaction partner of
dKDM4A (Lin et al., 2008), although we show that these proteins
antagonize each other at the dKDM4a-regulated genes examined
(Fig. 6). Instead, other dKDM4A-binding proteins may mediate its
function in gene control. In mammalian cells, interactions of
KDM4A with the Retinoblastoma protein, the androgen receptor,
and the N-CoR co-repressor complex inﬂuences transcription
(Gray et al., 2005; Shin and Janknecht, 2007; Zhang et al., 2005).
We favor the hypothesis that dKDM4A is directly regulating at
least some of the mis-expressed genes, and that it does so byprotein–protein interactions or by demethylating a non-histone
substrate.
Although HP1a is found mainly in pericentric heterochromatin
through its interaction with H3K9me2/3, recent results implicate
HP1a also in euchromatic gene regulation (reviewed in Kwon and
Workman, 2011). Binding of dKDM4A to HP1a stimulates the
H3K36me3-demethylase activity of dKDM4A in vitro (Lin et al.,
2008). We therefore expected up-regulated dKDM4A-targets that
depend on dKDM4A demethylase activity for normal expression
levels (such as Mlp60A and CG9059), to be up-regulated also in
HP1a mutants but to a lesser extent than in dKDM4A mutants.
However, these genes are expressed at higher levels in HP1a
mutants than in dKDM4A mutant larvae (Fig. 6B). This indicates
that HP1a contributes to regulation of these genes in more ways
than stimulation of dKDM4A-demethylase activity. Furthermore,
targets that are down-regulated in dKDM4A mutants are up-
regulated in HP1a mutants, and expression restored in the HP1a
dKDM4A double mutant (Fig. 6A). Together, this indicates that the
activity that inﬂuences dKDM4A-target gene expression is not
stimulation of dKDM4A-mediated demethylation by HP1a, but
rather an effect of dKDM4A on HP1a function or distribution.
Indeed, over-expression of dKDM4A has previously been shown
to alter the distribution of HP1a from the chromocenter into the
chromosome arms on polytene chromosomes (Lloret-Llinares
et al., 2008). Moreover, a recent report shows that HP1a targets
dKDM4A to heterochromatic genes, but that the demethylase
activity of dKDM4A in euchromatin is independent of HP1a
targeting (Lin et al., 2012). These results are consistent with our
observations that HP1a does not stimulate dKDM4A’s ability to
regulate target gene expression in euchromatin.
We observed small changes in global H3K36me3 levels in the
P/DdKDM4A mutant (Fig. 1D). This indicates that other demethy-
lases can substitute for dKDM4A in its absence. The most likely
candidate is the dKDM4A ortholog dKDM4B, which can also
demethylate H3K36me3 in vitro (Lin et al., 2008). This may
explain why dKDM4A mutants are viable and affect expression
of only a small number of genes. A similar case has been described
for the Drosophila H3K4me3 demethylase Lid, whose demethylase
function is not essential and probably compensated for by dKDM2
(Li et al., 2010). Thus, redundancy between histone demethylases
may be common in Drosophila. Interestingly, life span is affected
in Drosophila males but not in females in both dKDM4A and lid
mutants (Li et al., 2010; Lorbeck et al., 2010). Normal life-span
requires catalytically active Lid. Perhaps histone demethylation
becomes critical for processes required speciﬁcally during male
adulthood. Given the apparent redundancy between histone
demethylases, it is not surprising that P/DdKDM4A mutants are
viable. We therefore examined survival of ﬂies ubiquitously over-
expressing dKDM4A, which results in diminished H3K36me3
levels (Fig. 1D). At 25 1C, we found a marked reduction in male
survival upon dKDM4A over-expression, but a much smaller
effect on females (Table 1). At 29 1C where the Gal4 protein is
more active and thereby causes higher over-expression, no males
survived dKDM4A expression (Table S3). This may be due to
impaired dosage compensation, since binding of the male-speciﬁc
lethal (MSL) dosage compensation complex to the male
X-chromosome in part depends on H3K36me3 (Bell et al., 2008;
Larschan et al., 2007). Consistent with this interpretation, we
observed diminished expression of one dosage compensated gene
in males surviving dKDM4A over-expression. It is possible that
even larger effects on dosage compensated genes would be
observed in the males that are killed by increased dKDM4A
expression. This indicates that although H3K36me3 levels may
inﬂuence the ability of males to dosage compensate their single
X-chromosome, it is not absolutely essential for development and
survival in females.
F. Crona et al. / Developmental Biology 373 (2013) 453–463462Our results show that a modest increase in global H3K36me3
levels is compatible with viability, fertility, and the expression of
most genes, whereas decreased H3K36me3 levels are detrimental,
particularly in males. Unexpectedly, many dKDM4A-regulated
genes completely lack or contain low levels H3K36me3, indicat-
ing that dKDM4A may have other substrates that are more
important for gene control. A more complete understanding of
KDM4 proteins in development and the control of gene expres-
sion requires the identiﬁcation of direct target genes.Acknowledgments
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